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ABSTRACT 
Turbine blading incidents are a concern to electrical 
utilities since they can result in power plant 
unavailability. The reliability of a particular turbine 
blade is investigated in this report to determine if it can 
be replaced with a more reliable blade design. The 
majority of incidents concerning this blade have been 
attributed to stall flutter vibration that -has been the 
result of unit operation at low load levels with high 
back-pressures in the steam condenser. Stall flutter can 
be avoided by limiting back-pressure levels during low load 
operation and is thus not a concern here. Another 
potential cause of unreliability is stress corrosion 
cracking of the rotor portion of the blade attachment. A 
life calculation is developed and predicts that stress 
corrosion cracking of the rotor portion of the blade 
attachment poses no threat to the reliability of this 
blade. 
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I. INTRODUCTION 
The investigation into the reliability of a selected 
last row steam turbine rotating blade was undertaken here. 
The blade was identified as being a candidate for upgrade 
due to incidents that occurred, including two power plant 
forced outages. In addition to the forced outages, 
indications in the steeple (rotor portion of blade 
attachment) were discovered which appeared to be Stress 
Corrosion Cracking (SCC). This was previously believed not 
to afflict steeples located in the wet, lower temperature 
region of the steam turbine. 
This investigation consisted of the following: The 
service history of the blade was researched and statistics 
compiled to evaluate the blade's reliability. Laboratory 
analysis of blade incidents were performed to determine 
incident mode and extent. A steeple life analysis was 
developed and used to predict the potential exposure to 
incidents resulting from steeple sec. All of this 
information was used to determine if this blade needed to 
be replaced with an enhanced blade that either already 
existed or needed to be designed. 
The investigation concluded that this blade is 
acceptable providing that it is manufactured from ASTM A564 
2 
Type 630 material. The forced outages are preventable by 
limiting back-pressure levels at low load operation. A 
life calculation is developed and predicts that sec of the 
steeple of this blade poses no threat of fatigue cracking. 
However, additional service data should be gathered to 
support the life analysis and determine when, if at all, 
this issue should be addressed further. 
II. COMPONENT DESCRIPTION 
The blade that is the subject of this investigation is 
presented in Figure 1. This blade is composed of three 
primary parts: the airfoil which converts the internal 
energy of the steam into kinetic energy, the platform which 
serves as a smooth transition from the airfoil to the root, 
and the root which attaches the blade to the rotor. 
This blade has three lashing lugs located on the 
airfoil which are used to weld adjacent blades together 
into groups. The lashing lugs are located so that the 
blade group natural frequencies are removed from discrete 
multiples of rotational speed. This avoids resonance. 
Since this turbine is designed to operate at constant speed 
and the steam excitation on the blade occurs in discrete 
multiples of running speed, this tuning of the blade 
natural frequencies from the excitation frequencies insures 
low vibrational stress levels [1]. 
A stellite strip is brazed onto the leading edge of the 
airfoil. This stellite strip acts as an erosion shield to 
prevent moisture particles from eroding the airfoil 
material. Since the moisture particles are drawn towards 
the outer diameter of the blade path due to centrifugal 
force, the stellite strip only extends from the midportion 
of the airfoil to the tip. 
3 
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This blade is attached to the rotor by an axial entry 
"fir tree" root. The rotor portion of the blade attachment 
is called the steeple. A picture of a root and steeple 
attachment is shown in Figure 2. The blade investigated 
has a curved rather than straight root as that shown in 
Figure 2. The root is curved to best match the geometry 
and loading of the airfoil base. 
A longitudinal view of the turbine is shown in Figure 
3. The steam is admitted into the turbine at the center 
and expands axially through the turbine in both 
directions. The steam is exhausted from the blade path 
into a condenser located directly below the turbine. This 
turbine is referred to as a low pressure (LP) turbine since 
it is the turbine which operates at the lowest steam 
pressure. The last rotating blade that the steam passes 
through before entering the condenser is the blade which is 
the subject of the investigation. Since the steam flows in 
both axial directions, there are two rows of last row 
blading in this turbine. The row on the end of the turbine 
closest to the generator is referred to as being on the 
generator end (GNN) of the turbine, and the row on the 
opposite end is referred to as being the governor end (GVN) 
as shown in Figure 4. 
Depending on the outlet temperature, pressure and flow 
conditions of the steam supply system, a high pressure 
turbine and one or more LP turbines may be connected in 
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tandem as shown in Figure 4 or cross-compound as shown in 
Figure 5. The LP turbine closest to the high pressure 
turbine is referred to as the first LP turbine (LPl). Each 
subsequent LP turbine is referred to in ascending order 
from the high pressure turbine to the generator as shown in 
Figure 4. 
The blade investigated in this report has been 
manufactured out of three different iron based alloys; 
ASTM A276 Type 403, ASTM A476 Type XM-30 and ASTM A564 Type 
630. Two different strength levels of ASTM A564 Type 630 
were used and are referred to as strength 1 and 2. The 
steeple is manufactured out of ASTM A471 Class 4 iron based 
alloy. The composition and strength levels of these 
materials are listed in Table 1. 
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Table 1. MATERIAL COMPOSITIONS AND STRENGTH LEVELS. 
ASTM A276 A479 A564 A471 
Type 403 XM-30 630 Class 4 
Material 
Compostion, % 
Carbon 0.15 0.18 0.07 0.35 
Manganese 1.00 1.00 1.00 0.70 
Phosphorus 0 . 040 0.040 0.040 0.015 
Sulfur 0.030 0.030 0.030 0.015 
Silicon 0.050 1.00 1.00 0.10 
Chromium 11 . 50-13. 00 11. 50-13 . so 15.00-17.50 0.75-2.00 
Columbium . . . 0.05-0.30 A ... 
Nickel . . . .. . 3.00-5.00 2.00-4.00 
Copper . . . . . . 3.00-5.00 ... 
Molybdenum . . . . . . ... 0.20-0.70 
Vanadium . . . . . . ... 0.05 min 
Yield 80 ksi min 95 ksi min Strength 1, 105-125 
Strength 85 ksi min ksi 
0.02 % Offset 
Strength 2, 
110 ksi min 
A - Columbium plus Tantalum 0.15-0.45 
III. BLADE INCIDENTS 
The only incidents investigated are those directly 
associated with the reliability of the blade. Incidents to 
this blade which were the result of an upstream blade 
incident were not investigated. Table 2 lists incidents of 
root, steeple and airfoil. Lashing lug incidents are not 
listed in this table. However information on lashing lug 
incidents can be found in Section IV, Reliability 
Statistics. 
A number of incidents in Table 2 are attributed to 
either stall flutter vibration as a result of low load, 
high back-pressure operation, or steeple stress corrosion 
cracking. The cause of the other incidents are unknown, 
but appear to be fatigue cracking due to blade vibration. 
The following two subsections discuss the nature of 
stall flutter vibration and steeple sec as well as the 
circumstances leading up to the incident and any other 
pertinent information such as laboratory analysis results. 
Stall Flutter Vibration 
Stall flutter vibration is an aero-elastic self-excited 
vibration that can occur in the absence of any upstream 
wake excitations. A turbine blade can exhibit stall when 
12 
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operating with a large angle of flow incidence (difference 
between the relative inlet flow angle and the blade inlet 
angle) such that flow separation from the airfoil occurs. 
once the flow becomes stalled, stall flutter vibration can 
occur if the blade vibrates such that the flow separation 
point on the airfoil is not static and energy from the flow 
forces the vibration of the blade [2,3]. 
Velocity triangles for a last row blade stage is shown 
in Figure 6. Condition A represents the design point 
condition with zero flow incidence (relative inlet flow 
angle equal to the blade inlet angle). Condition B 
represents an off-design point that occurs when the 
volumetric flow rate (axial flow velocity) is decreased. 
This is the condition that can result in stall-flutter 
vibration of the blade. 
The last row blade is the only blade in the LP turbine 
that is susceptible to stall-flutter vibration since it is 
the only blade which operates with a variable volumetric 
flow rate. The operating condition that results in stall 
flutter vibration is low load operation with high 
back-pressure. The low mass flow rate in the last stage 
combined with the high stage pressure results in a low 
axial steam velocity and therefore high negative flow 
incidence to the last row blade. This situation is 
preventable by limiting back-pressure levels at low load 
operation. 
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The upstream stages operate such that as load is varied 
the stage pressure and the mass flow rate result in 
approximately a constant volumetric flow rate irrespective 
of the unit back-pressure. Therefore the upstream blade 
rows in this turbine are not susceptible to stall flutter 
since they operate close to their design point at all 
times, Condition A in Figure 6. 
A field test on this blade group identified that the 
third mode of vibration is excited by stall flutter. This 
mode shape is referred to as an "X mode" because when 
viewed from the radial direction the mode shape resembles 
the letter X. The leading and trailing blades exhibit 
large axial deflections at the blade tip in opposing 
directions while the node point for this mode lies in the 
middle of the blade group. The highest displaced and 
stressed blade for this mode is the leading blade of the 
group. Because the vibration in this blade is 
predominately axial in direction, the highest stressed 
location occurs on either the inlet or exit edge of the 
airfoil or face of the root and steeple. 
Three different units have experienced last row blade 
incidents which have been attributed to stall flutter 
vibration resulting from operation at low load with high 
back-pressure levels. Two of these three units experienced 
a forced outage due to high rotor vibration caused by 
blade loss. In all circumstances extensive fatigue 
15 
cracking was found on the leading blade of the group. 
Although the forced outage was attributed to a leading 
blade severing in the airfoil, the majority of cracking 
found in the root and sometimes in the steeple on the 
leading and trailing sides of the leading blade of the 
group. 
Steeple Stress Corrosion Cracking 
was 
One of the highest stressed locations in the LP turbine 
is the blade attachment area of the last row blade. While 
the blade materials are not susceptible to stress corrosion 
cracking in the LP steam environment, the steeple material 
is. sec has occurred with this material, ASTM A471 Class 
4, in locations which operate upstream of the last row disc 
where the steam makes its transition from dry to moist 
[4,5,6]. Prior to the discovery of sec in the steeple of 
this last row blade, it was only thought to occur in this 
material when applied near the moisture transition line of 
the turbine where the steeple temperatures are much higher 
and the moisture levels lower. 
The first incident involving steeple sec occurred 
during the replacement of a last blade row as a result of 
damage from an upstream row. A magnetic particle, visual 
inspection of the steeples was performed with the blade row 
removed. Linear noncontinuous indications were reported 
along the steeple convex side, top serration, top radius on 
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half of the steeples inspected. A field sketch depicting 
the typical crack appearance is presented in Figure 7. All 
indications were removed by polishing and new blades 
installed. Based on the reported appearance and the 
shallow indication depth, the indications appeared to be 
the early stage of sec. 
Later, rotors from three different units were found to 
have similar indications at similar locations as those 
found previously. One rotor was earlier removed from 
service enabling some of the last row steeples to be 
removed and sent to the laboratory for further 
investigation. The indications were shallow in depth {no 
deeper than 0.025 inches) and long in axial extent {up to 2 
inches). A photograph of the indications is shown in 
Figure 8. A SEM (Scanning Electron Microscopic) photograph 
of the indication after opening is presented in Figure 9. 
The noncontinuous nature of the crack is characteristic of 
sec. Figure 10 is a photograph of an etched cross-section 
view of the crack. This view of the crack resembles that 
of a corrosion pit. Because of the shallow crack depth and 
the the presence of oxides in the crack, it is not possible 
to determine whether the crack propagation is 
intergranular, transgranular or mixed mode. The crack 
appearance, location and shallow depth are representative 
of the early stage of steeple sec as documented in 
references 5 and 6. 
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Table 2. BLADE INCIDENT SUMMARY. 
SUSPECT INDICA' 'ION LOCATION & NUMBER Bu\DE SERVICl~ HOURS CAUSE POSITION ROOT STEEPLE AIRFOIL MATERIAL DISC Bu\DE 
LP2 GVN 5 A 11976 
LPl GVN 3 A 63245 
LPl ? 1 A 27184 
LPl GVN 1 2 A 48840 
LPl GNN 4 A 48840 
LP2 GVN 2 2 A 48840 
LP2 GNN 2 A 48840 
LP GNN 4 A 98640 
sec LPl GNN 86 B 28280 
LP3 GVN 2 B 28280 
LPl GNN 2 many C 31008 
LP2 GNN 3 A 39928 
LPl GVN 1 B 51888 
LPl GVN 1 A 57364 
LL/HBP LPl GVN 17 12 5 D 16537 
LL/HBP LPl GNN 6 2 D 16537 
LL/HBP LP2 GVN 4 4 D 39604 
sec many D 39604 
LL/HBP LP2 GNN X 2 D 39604 
sec many D 39604 
LL/HBP LP3 GVN 20 X D 16452 
LL/HBP LP3 GNN 5 X D 16452 
sec ? many A 57000+ 
LL/HBP LP3 GVN 5 D 20674 
LL/HBP LP3 GNN 2 1 D 20674 
LL/HBP LPl GVN 10 1 D 29356 
LL/HBP LPl GNN 3 D 29356 
LL/HBP LP2 GVN 4 D 31708 
LL/HBP LP2 GNN 5 D 31708 
LP3 GNN 1 A 22000 
sec LP2 GNN 2of20 A 14612 
LPl GNN 3 1 A 80000 
LPl GVN 3 1 A 62127 
LPl GNN 3 A 28000 
LP2 GVN 1 A 28000 
LP2 GNN 1 A 28000 
Suspect Causes: LL/HBP - Low Load , High Back-Pressure Operation 
sec - Stress Corrosion Cracking 
Blade Materials: A - ASTM A276 Type 403 
B - ASTM A476 Type XM-30 
C - ASTM A564 Type 630 Strength 1 
D - ASTM A564 Type 630 Strenght 2 
11976 
63245 
27184 
38544 
38544 
38544 
38544 
98640 . 
28280 
28280 
31008 
39928 
51888 
32000 
16537 
16537 
6018 
6018 
6018 
6018 
16537 
16537 
57000+ 
20674 
20674 
29356 
29356 
31708 
31708 
22000 
14612 
80000 
62127 
28000 
28000 
28000 
U = Rotatiig Blade Yalocity 
V = Steam Yalocity 
Va = Axial Steam Yalocity 
u 
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Concltion A 
Va 
Vr = Steam Yalocity Relative to Rotati1g Blade 
/3 = Blade Inlet Angle 
o( = Steam Inlet Angle Retative to Rota~ Blade 
Angle of k1cidence= o< - ~ 
Note o( is Negative 
Figure 6. Last Row Blade Velocity Triangle 
for Design (Condition A) and 
Off Design (Condition B) Operatione 
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Indications 
1.0 inch 
I 
0.025 inch 
I I 
Figure 8. Photograph of Top Serration Steeple 
Indications, Magnetic Particle, 
Black Light, Convex View. 
Figure 9. 
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0.020 inch 
sec 
Surface 
--- Fracture 
Surface 
as a Result 
of Breaking · 
Apart in 
Lab 
SEM Photograph of Steeple Crack After Opening. 
Figure 10. 
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0.005 inch 
Photograph 
of Steeple 
of Etched 
Crack. 
Cross-Section 
IV. RELIABILITY STATISTICS 
Data concerning the operation of the last row blade 
were compiled. Review of the manufacturer's records was 
used as the primary source of data up to August 1986. 
Recent incidents as well as additional data were obtained 
through research into internal reports, personal 
discussions, and field inquiries. The blading is 
distinguished by its material of manufacture (Table 1, page 
11). Since fatigue cracking resulting from low load, high 
back-pressure operation is preventable by following the 
manufacturer's guidelines on limiting back-pressure levels 
during low load operation, the data on the blading of ASTM 
A564 Type 630 strength 2 is presented in two forms: with 
and without those incidents attributed to low load, high 
back-pressure operation. 
Figure 11 presents the number of blade rows of each 
material that are in operation according to year. This 
figure takes into account the row attrition due to blade 
upgrades and new rotor replacements. The blade of ASTM 
A276 Type 403 material accounts for over half the 
population and has also accumulated the longest service 
time. The blade of ASTM A479 Type XM-30 was only applied 
at two units, and has recently been replaced by blading of 
a different material. 
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Figures 12 and 13 present the total number of incidents 
grouped with respect to location: steeple, rotor, lashing 
lug and airfoil. Figure 13 excludes those incidents 
attributed to low load, high back-pressure operation. The 
majority of incidents involving this blade have occurred on 
those of ASTM A276 Type 403 and ASTM A479 Type XM-30 
material. 
Figures 14 through 18 present the operational history 
for each blade. These figures present the number of 
successful rows versus operational hours, and the number of 
steeple, root, lashing lug and airfoil incidents that have 
occurred versus hours of operation. By comparing the 
successful hours of operation to the number of incidents 
these figures normalize the incident data for each blade 
with respect to its successful operation. It should be 
noted that in preparing these figures, an incident row was 
not considered to be a successful row prior to its incident 
occurrence. These figures indicate that the blade of ASTM 
A479 Type XM-30 is the poorest performer while the blade of 
ASTM A564 Type 630 strength 1 material is the best. 
For purposes of this investigation a reliability goal 
of 90% distress free over a 10 year period per unit was 
used. The implication of this is that the current blade 
design should be considered for redesign or replacement if 
it gives distress more than once in 10 years per unit. 
Assuming an average of 2.4 rotors per unit, 2 last rows per 
25 
turbine and 7000 hours of unit operation per year, this 
translates into an acceptable incident rate of no greater 
than 3.0E-6 incidents per hour of operation. 
1/((10) (2.4) (2) (7000)] = 3.0E-6 incident per operation hour 
This incident occurrence criteria is compared to the 
actual incident occurrence of each blade below to evaluate 
the blades actual reliability versus the target 
reliability. 
BLADE 
MATERIAL 
1 
2 
3 
4 
4 
TOTAL ROW HOURS 
OF OPERATION 
8,155,483 
681,330 
1,709,302 
1,006,408 
1,279,164 
NUMBER OF 
INCIDENTS 
59 
6 
3 
25 
4* 
INCIDENT OCCURRENCE 
INCIDENT PER HOUR 
7.2E-6 
8.BE-6 
1.BE-6 
2.5E-5 
3.lE-6 
*excludes incidents attributed to low load, high back 
pressure operation. 
Blade Materials: 1 - ASTM A276 Type 403 
2 - ASTM A479 Type XM-30 
3 - ASTM A564 Type 630 strength 1 
4 ASTM A564 Type 630 strength 2 
The blading of ASTM A564 Type 630 material has met the 
reliability criteria. 
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Figure 14. Operational History for Last Row Blade 
of ASTM A276 Type 403 Material. 
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Figure 15. Operational History for Last Row Blade 
of ASTM A479 Type XM-30 Material. 
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Figure 16. Operational History for Last Row Blade 
of ASTM A564 Type 630 Material Strength 1. 
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Figure 17. Operational History for Last Row Blade 
of ASTM A564 Type 630 Material Strength 2. 
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Figure 18. Operational History for Last Row Blade of ASTM A564 
Type 630 Material Strength 2, Excluding Those Incidents 
Attributed to Low Load, High Back-Pressure Operation. 
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V. STEEPLE LIFE CALCULATION 
A steeple life calculation method was developed to 
address the impact that sec has on the steeple. This 
method was applied to the last row blade top steeple 
serration to help determine the impact that sec imposes on 
this blade's reliability. 
Life Model 
The model used for the calculation assumes that the 
crack initiation and propagation are a function of service 
operation time. A period of time is spent without the 
presence of a crack and then extremely slow crack growth 
begins. This is known as the crack initiation time. The 
crack then propagates by stress corrosion until the cyclic 
stress-intensity at the crack front becomes sufficient for 
fatigue propagation. The useful life of the steeple is 
assumed to terminate when the crack propagation mechanism 
changes from stress corrosion to fatigue resulting in rapid 
crack growth since the vibratory stress driving the fatigue 
propagation is a result of the high frequency vibration of 
the blade. A graph qualitatively depicting this model is 
presented in Figure 19. The intent of this figure is to 
display the logic used in the life analysis. 
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Figure 20 depicts the generalized stress corrosion 
crack growth behavior as a function of the steady 
stress-intensity level. Stage II and III are generally 
referred to as the propagation and fracture instability 
phases, respectively. The life analysis assumes that the 
mechanism of crack propagation changes from stress 
corrosion to fatigue during the propagation stage of sec. 
Therefore once the crack is initiated, the sec growth rate 
is constant with respect to time (Stage II, Figure 20) and 
does not depend on the steady stress-intensity (function of 
the applied stress and crack depth). Tests conducted on 
ASTM A471 Class 4 material exposed to oxygenated steam 
support this general behavior of sec [7]. 
Two components of stress are used in the analysis. 
The steady stress which is near the yield strength of the 
material and the vibratory stress which is due to blade 
vibration. The start-up, shut-down and other unit 
transients are assumed to have negligible impact on the 
crack growth rate. 
The following subsections discuss in detail the 
various stages of the life analysis presented in Figure 19G 
Stress Corrosion Crack Initiation 
Very little detailed information is known about the 
factors that contribute to the initiation of a stress 
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corrosion crack in this material. In general, three 
factors need to be present for sec initiation: the 
material must be susceptible, the stress must be of a 
sufficient magnitude, and the environment must be conducive 
to sec. ASTM A471 Class 4 material has a history of sec 
when used just down stream of the moisture transition zone 
of the turbine [4,5,6]. The steady stress in the steeple 
is near the material yield strength. And the environment 
at the last row location is very wet, about 10% moisture, 
which has been regarded as being aggressive with respect to 
sec (8]. Laboratory testing by the manufacturer has shown 
that sec occurs with this material in high and low 
oxygenated water at temperatures as low as 200°F, but tests 
have not been conducted at temperatures low enough to 
simulate the operating temperature of this steeple, 
approximately 130°F. 
One explanation for the observance of sec in this 
stage is the presence of a blade vibratory stress 
superimposed on a large steady stress. Several 
investigators have shown that small-amplitude 
cyclic-loading superimposed on a sustained tensile-load 
(ripple-loading) can significantly affect sec behavior 
(9]o The trend revealed is that ripple-loading reduces the 
initiation time and reduces the stress-intensity threshold 
below which sec is not observed. 
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Laboratory data exist which imply that the crack 
initiation time in the presence of a steady tensile stress 
is relatively short compared to the typical operating time 
for turbine discs which experienced keyway cracking in the 
UK [8]. Any influence due to a ripple-loading would result 
in an even shorter initiation time compared to the disc 
operating time. In light of the little work that has been 
performed on crack initiation and the relatively small 
portion of time that it represents when compared to the 
total life of the crack, the life analysis conservatively 
neglects the time it takes to initiate a stress corrosion 
crack and assumes all stress corrosion crack growth to 
propagate at the stage II rate as shown in Figure 20. 
Stress Corrosion Crack Propagation 
Only four incidents of last row steeple sec have been 
discovered, and only in one instance have samples been sent 
to the lab to determine the crack depth. These data are 
insufficient to perform a regression analysis to determine 
the crack growth rate using service data. Until more 
information is gathered and a data base on this type of 
cracking is obtained, an alternative method must be used to 
predict the crack growth rate. 
Because of the similarity of the environment (oxygen 
depletion mechanism), stress level, and material between 
this steeple location and the rotor/disc keyway location 
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which has experienced sec near the moisture transition 
region, the crack growth rate equation that was developed 
and applied to the keyway sec is used in the life analysis 
[7]. This equation is used to determine the crack 
propagation rate of the steeple sec (Equation 1, page 40). 
Both the keyways and the steeples operate at stress levels 
near the yield strength. The locations both serve as 
crevices for sec initiation. And the material type and 
strength level is similar. The only differences between 
the two locations is that the last row steeple operates at 
a lower temperature and may have a small vibratory stress 
superimposed on the steady stress. 
The presence of a vibratory stress superimposed on the 
steady stress (ripple-loading) on crack propagation is 
assumed to have no impact on the sec propagation rate of 
the crack. Although ripple-loading has been revealed to 
reduce the time to initiate a crack, laboratory testing has 
shown that it has little or no effect on the propagation 
rate (Stage II) of the crack in stress corrosion [10). 
Applying the keyway crack growth equation to the 
steeple extrapolates the keyway cracking data from a 
temperature of 220°F to the steeple temperature of 130°F. 
The British have had disc keyway cracking at temperatures 
as low as 140°F. Figure 21 is a comparison of the crack 
growth rates determined by regression analysis for the 
manufacturer's and the British disc keyway cracking with 
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120 ksi yield strength material [7,8]. Note that 
extrapolating the manufacturer's growth rate to lower 
temperatures results in higher growth rates than that 
predicted from the British growth rate data. This 
indicates that the use of the manufacturer's disc keyway 
crack growth rate equation is conservative when 
extrapolated to the lower temperature of the last row 
steeple. 
The following is the crack growth rate equation used 
in the steeple life analysis for sec propagation. This 
equation is presented for both the mean and upper 90 
percent confidence band growth rates. 
Equation 1: 
ln R = -4.968 - 7302/T + 0.0278(6 s) , mean growth 
ln R = -4. 205 - 7302/T + 0. 0278 (G ~s) , 90% upper band 
where: R = crack growth rate, in/hr 
T = temperature, 0 R (°F + 460) 
6ys = room temperature yield strength, ksi 
Figure 22 displays the mean and upper 90 percent bound 
growth rates as crack depth versus operational hours. 
Plotted on this figure is the one incident for which 
laboratory analysis was performed to identify crack depth. 
Vibratory-stress Calculation 
To determine when the mode of crack propagation 
transfers from stress corrosion to fatigue, the vibratory 
stress in the steeple was calculated. The vibratory stress 
is a result of a blade vibrational mode being resonant with 
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an excitation frequency (discrete multiples of rotation 
referred to as harmonics) [1]. The first three modes for 
this last row blade are tuned by design and verified by 
component test, and do not result in any significant 
vibratory-stress in the steeple. However all other modes 
which are not verified by component test may be resonant 
during operation. Because the steam excitation is lower at 
higher natural frequencies (harmonics) and the blades 
response to a given excitation magnitude decreases at 
higher natural frequencies, only the first twelve untuned 
modes (modes 4 through 15) were analyzed. 
Because of the large centrifugal loading of the blade, 
the blade is assumed to act as if it were fixed in the 
steeple at the top root/steeple interface. Therefore the 
vibratory loading in the steeple is conservatively assumed 
to be carried totally by the outer lug. The bending 
moments at the root point of fixity (root/steeple 
interface) due to blade vibration were calculated using the 
manufacturer's proprietary computer program. These bending 
moments represent the 99.9 percent upper band vibratory 
bending moment per blade group. This means that only 1 out 
of 1000 groups, which are in resonance, will have a 
vibratory bending moment higher. It should be noted that 
the calculation of the root vibratory moments was performed 
for each individual mode, grouping arrangement and unit 
application. 
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Since the bending moments are transferred to the 
steeple by a contact force at the top lug contact surface, 
the tangential moment in the steeple is calculated by 
multiplying the root tangential moment by the ratio of the 
steeple and root moment arm lengths (distance from 
root/steeple center to contact surface); and the moment in 
the axial direction at the steeple is equivalent to that in 
the root. 
Figure 23 is a cross-sectional view through the top 
steeple neck. The steeple top serration bending moduli 
were calculated and the derived equation on Figure 23 was 
used to calculate steeple peak vibratory stress utilizing 
the manufacturer's developed stress concentration factor 
for this particular root configuration. Stresses were 
calculated for the 4th through 15th modes, various blade 
group arrangements, and all mass flow rates that are 
pertinent to the blade application. The maximum stress was 
calculated to be at the mid-portion location on the convex 
side of the serration and was due to an upper tangential 
in-phase mode shape that calculates to occur near the 10th 
harmonic of rotational speed. 
It should be noted that the vibratory-stress 
calculated above represents the zero-to-peak stress. This 
value is doubled to obtain the cyclic (peak-to-peak) 
vibratory stress which is compared to the cyclic threshold 
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stress, ~Gth' in the next subsection to determine the 
onset of fatigue propagation. 
Fatigue Propagation 
As the stress corrosion crack propagates and becomes 
larger in size, the cyclic stress-intensity at the crack 
tip, ~K, due to the vibratory stress approaches the 
threshold stress-intensity for fatigue propagation. Once 
the cyclic threshold stress-intensity for fatigue 
propagation, ~Kth' is reached, the crack wil~ accelerate 
in growth because of the high blade vibration frequency. 
Therefore for the purposes of this life analysis, the 
useful life of the steeple is determined to terminate when 
the crack first begins to propagate due to fatigue. 
The steeple stress situation consists of a large mean 
stress and a small vibratory stress. The stress-intensity 
ratio, R, is the principal parameter used in fracture 
mechanics to relate the two stress component magnitudes; 
R = Kroin/Kmax· Figure 24 is a schematic depicting the 
general influence of mean stress on fatigue crack growth 
rate behavior (11]. The effect of the mean-stress on the 
cyclic stress-intensity threshold level, dKth' below 
which a crack does not propagate by fatigue, can be 
substantial, as is indicated by this figure. 
Laboratory testing on steeple material, ASTM A471 
Class 4 material, was performed to determine the aKth in 
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steam and air at 212°F [12]. Very low fatigue growth rates 
in the range of 10-9 to 10-lO in/cycle were determined 
to ensure the existence of threshold fatigue crack growth 
rate. Testing was conducted at frequencies of 100 and 200 
Hz with an R-ratio of about 0.5. The ~Kth was found to 
l 
be 5 ksi-in~ for steam. This is the value used in this 
life analysis. 
The basic fracture mechanics expression which relates 
crack tip stresses (expressed as the stress-intensity 
factor, K) to the pertinent loading variables for the case 
of a semi-elliptical surface crack in an infinite plate 
subject to tension loading is given by: 
l 
K = 6 X [1.21 X 'ff X a/ Q]~ 
where K = applied stress intensity, 
6 = applied stress, ksi 
l 
ksi-in~ 
a= flaw depth, in 
Q = flaw shape parameter 
Substituting ~Kth for Kand A6th for 6 and rearranging 
yields Equation 2, the expression relating the cyclic 
stress to the ~Kth· 
Equation 2: 
l 
d6th = AKth x [Q / (1.21 x 11 x a)]~ 
Q = f(G/ys,a/2c) 
where, d6th = cyclic stress threshold, ksi 
Q = flaw shape parameter 
a= crack depth, in 
c =\of crack length, in 
ys = material yield strength 
~Kth = cyclic1 stress-intensity for fatigue, 
ksi-in~ 
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Therefore knowing the crack depth at a given time 
(Equation 1) and the vibratory stress, it can be determined 
if the crack is propagating by stress corrosion or has 
begun to propagate by fatigue (Equation 2). 
Calculation Results 
Figure 25 is a plot of the peak-to-peak vibratory 
stress versus time for a stress corrosion crack to become 
deep enough that the crack propagation mechanism will 
become fatigue. Plotted on this figure is t~e 99.9% upper 
band operating stress range for all the units where this 
last row blade was applied. This figure indicates that all 
units where this last row blade has been applied have 
sufficient margin to prevent fatigue cracking from 
occurring due to the initiation and propagation of a stress 
corrosion crack over the useful life of the unit. 
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VI. CONCLUSIONS 
The blade made of ASTM A276 Type 403 or ASTM A479 Type 
XM-30 material does not meet the reliability goals set for 
this blade in Section IV; 90% percent distress free per 
unit per 10 years. The reported incident rate per unit per 
10 years is 24% for the blade made of ASTM A276 Type 403 
material and 29% for the blade made of ASTM A479 Type XM-30 
material. 
The blade of ASTM A564 Type 630 material strength 1 
meets the reliab~lity goal for this blade. The reported 
incident rate per unit per 10 years is 6% for this blade. 
The blade made of this material to strength 2 is the only 
blade which has had incidents resulting in power plant 
forced outages. In both instances the incident has been 
attributed to stall-flutter vibration resulting from low 
load, high back-pressure operation. Incidents attributed 
to stall-flutter vibration should be preventable by 
following the manufacturer's recommended operating 
procedures which limit back pressure levels at low load 
operation. Excluding these two incidents, this blade has 
experienced one other incident which has been attributed to 
low load, high back-pressure operation. The incident rate 
per unit per 10 years, excluding those preventable 
incidents attributed to stall-flutter vibration, is 11% for 
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this blade. Although this blade falls just short of 
meeting the desired availability goal, the balance of 
incidents were lashing lug related, which is repairable in 
the field during a normal outage and is considered as a 
maintenance item by most utilities. 
Four incidents of Stress Corrosion Cracking (SCC) of 
steeples have been reported. A conservative life 
calculation has indicated that fatigue cracking of the 
steeple due to the presence of a stress corrosion crack 
should not occur during the life of the unit after the 
stress corrosion crack has initiated. 
VII. RECOMMENDATIONS 
It is recommended that all blade replacements for -
customers with this blade manufactured out of ASTM A276 
Type 403 or ASTM A479 Type XM-30 material be of ASTM A564 
Type 630 material. These replacements should only be made 
at the customer's need since the last row incidents have 
not resulted in power plant forced or extended outages or 
unit unavailability. 
All customers operating units with this last row blade 
design, regardless of its material composition, should heed 
to the manufacturer's recommended operating procedures 
which limit back-pressures while at low loads. Fatigue 
damage to this row has been extensive when units have 
operated at low loads with high back-pressures. 
Additional service data concerning the sec of the last 
row steeple should be gathered to further support the 
conclusion that this row is not susceptible to fatigue 
cracking in the presence of a stress corrosion crack. This 
can be accomplished by performing steeple inspections when 
blades are removed, and conducting destructive lab analysis 
of steeple samples from discs removed from service. 
It is recommended that further effort on upgrading this 
blade design be terminated and that further information 
about steeple sec be obtained to determine if it is a 
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problem that should be addressed, and how to address ite 
If this blade is to be replaced by a new blade design 
in the future, efforts to reduce peak stresses in the 
steeple and efforts in reducing the blades susceptibility 
to stall-flutter excitation should be explored. The 
following questions need to be addressed to prevent sec 
from occurring on new designs: What type design or stress 
level will exclude sec? Should it be required for new 
designs to prevent sec if temperatures are so low that the 
stress corrosion crack growth rate does not lead to fatigue 
propagation? And what additional efforts are required to 
gain a better understanding of steeple sec, i.e., material 
testing, etc., to assist in answering the above questions? 
Peak stresses in the steeple may be reduced by applying · 
a root profile with lower stress concentrations, reducing 
the number of blades per row in an attempt to increase 
steeple size, manufacturing the blade out of a lighter 
material such as titanium to reduce the steeple loading, or 
a combination of the above. 
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